Electrophilic phosphinidene complexes [11] are ideal reagents to synthesize threemembered phosphacycles and potentially also the P-analogues of methylenecyclopropanes. [13] These carbene-like transients are typically generated by thermal fragmentation of 7-phosphanorbornadiene 6, [14] but the phosphacycles, like 4, can rearrange at the required reaction temperature of 110 °C or decompose, [14b,c,15] while the CuCl-catalyzed fragmentation at ≤ 55 °C generates presumably [R-P(Cl)M(CO) 5 ]-Cu-L (L = alkene or solvent), which is more sensitive toward steric congestion and therefore can react differently. [16] A powerful alternative to 6 is the readily accessible 3H-3-benzophosphepine complex 7, which generates terminal phosphinidene complexes at modest reaction temperatures (≥ 60 °C) without the use of a catalyst. [17] Here, we illustrate that stable methylene¬diphosphiranes result by reacting 7 with a phosphaallene. DFT calculations are presented to provide insight into this reaction.
Introduction
Although the all-carbon methylenecyclopropanes are heavily scrutinized for their use as radical probes [1] and as monomers in (co)polymerization [2] and multicomponent reactions [3] and for their biological activity, [4, 5] the synthesis of the phosphorus-containing analogues is quite challenging. Undoubtedly, the inherent strain that underlies the applicability of the hydrocarbon is more readily released due to the weaker phosphorus-carbon bond, but also the lack of synthetic methodologies limits their access. Indeed, merely three methylenediphosphiranes have been reported. [6] Baudler et al. synthesized 1 by a condensation route, [7] while Koenig and co-workers obtained diphosphirane 3a by
isopropylidene carbene addition to a trans-diphosphene. [8] Yoshifuiji et al.
synthesized 3b by rearrangement of 2, which is the product of the dichlorocarbene addition to a 1,3-diphosphaallene. [9] Heteroallenes are especially interesting because of their accessibility and reactivity. [10] For example, ketenimines (RN=C=CR 2 ) react with phosphinidene complex [R-P=ML n ] (ML n = W(CO) 5 and Fe(CO) 4 ) [11] to give methylene-azaphosphiranes 4, which undergo a [1,5]-sigmatropic rearrangement and a H-shift to afford 2-aminophosphindoles 5. [12] P N R L n M Ph Ph
Scheme 1. Synthesis of methylenediphosphiranes 9.
The synthesis of 9 is remarkably selective, yielding only one of the two possible diastereomers, as evidenced by the single AB spin system in the 31 P NMR (9a: δ -106.0 ppm). anti-Configured diphosphiranes have 1 J(P,P) coupling constants in the order of 150-210 Hz, [19] but 9 displays significantly smaller ones (9a: 72.9 Hz, 9b: 77.8 Hz). Therefore 9 is likely to have a syn configuration in which the P-substituent R is on the same side of the PPC ring as the Mes* group (2,4,6-tritert-butylphenyl) . [20] Single-crystal X-ray analysis established unequivocally the syn Methylenediphosphirane 9b was hardly formed by thermal degradation of 6 [21] (R = Ph, M = W) in the presence of 8. After complete consumption of 6 (16 h) at 110 °C only 17% of 9b was observed in the 31 P NMR spectrum due to its instability under the reaction conditions. At 55 °C, using CuCl as a catalyst, product formation was not observed, likely due to complexation of CuCl to the phosphaallene. [22] Evidently, complexed 3H-3-benzophosphepine 7 offers an advantage in synthesizing thermally labile heterocycles. [23] (2)]; P1-P2-C1 51.04 (7) [50.88 (5)], P2-P1-C1 53.22 (8) [52.78 (5) 
Computational Study
The diastereoselective formation of 9 was examined at the B3PW91/6-31G(d) (LANL2DZ for W) level of theory. [24] To keep the calculations manageable, model structures were used (labeled ') in which the exocyclic double bond carries no substituents and the uncomplexed phosphorus a Ph instead of the bulky Mes* group. The discussion focuses mostly on the formation of 9a as 9b shows similar behavior. anti-10a': P1-C1 3.370 (3.364), P1-P2 2.152 (2.154), C1-P2-P1-C15 -137.1 (-137.9).
The first step in the reaction is likely to be the addition of [R-P=W(CO) 5 ] to the phosphorus lone pair of 8' resulting in syn and anti P,P-ylides 10' [22, 25] as the initial (kinetic) products (syn-10a': ΔE = -15.4, anti-10a': -15.1 kcal•mol -1
; Figure 2 , all energies are relative to syn-10a') in analogy to the formation of the well documented P,N-ylides. [12, 26] Due to the small energy difference between syn and anti P,P-ylides 10' (ΔE = 10a': 0.3, 10b': 0.7 kcal•mol -1 ) they will readily interconvert via a simple rotation around the P1-P2 bond of which the clockwise motion (TS1; ΔE ‡ = 10a': 2.6, 10b': 2.3 kcal•mol ; Figure 2 ).
Ring closure of syn P,P-ylide 10a' to syn-9a' requires 6.1 kcal•mol
, whereas the corresponding conversion of anti-10a' to anti-9b' has a slightly higher barrier (7.4 kcal•mol -1
; Figure 3 ). [27] The difference in energy barriers for the syn and anti ring closure is more pronounced for the phenyl-substituted derivatives (10b' → 9b') and amounts to 4.9 and 8.0 kcal•mol -1 for the syn and anti conformers, respectively ( Figure 3 ). It seems that steric congestion plays a role, that is, the difference in negative activation energies is 1.3 kcal•mol -1 for the methylsubstituted phosphinidene and 3.1 kcal•mol -1 for the phenyl derivative. To further explore this effect, we replaced the phosphaallene phenyl substituent of 9a' for the much bulkier mesityl group. Indeed the difference in energy barriers increased from 1.3 to 2.1 kcal•mol -1 (Table 1 ). The sterically still more demanding supermesityl (Mes*) substituent that is used in the experiment is expected to have an even more profound effect, thereby dictating the selective ring closure of the initially formed P,P-ylide. The W(CO) 5 
Conclusion
Transient electrophilic phosphinidene complex [R-P=W(CO) 5 ] (R = Me, Ph), generated in situ from 3H-3-benzophosphepine complex 7 at 60-70 ˚C, reacts with 1-phosphaallene 8 to afford stable complexed methylenediphosphirane 9.
Calculations at the B3PW91/6-31G(d) (LANL2DZ for W) level of theory suggest that the diastereoselective formation of only the syn isomer 9 results from the favored negative activation energy for syn-ring closure of the interconverting syn and anti P,P-ylides 10, with the bulky Mes* and W(CO) 5 groups playing a prominent role.
Experimental Section
Computations. All density functional theory calculations (B3PW91) were performed with the Gaussian03 suite of programs, [28] using the LANL2DZ basis set and pseudopotentials for tungsten and the 6-31G(d) basis set for all other atoms. The nature of each structure was confirmed by frequency calculations. Intrinsic reaction coordinate (IRC) calculations were performed to ascertain the connection between reactant and product.
General Procedures. All syntheses were performed with the use of Schlenk techniques under an atmosphere of dry nitrogen. Solvents were used as purchased, except for toluene, which was freshly distilled under nitrogen from sodium. NMR spectra were recorded at 300. pentacarbonyl-tungsten(0) 6, [21] 3H-3-benzophosphepine complexes 7a,b [17] and phosphaallene 8 [18] where synthesized according to literature procedures. 
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